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.2013.10.0Abstract Wind is an important factor affecting the observed sea level. This effect varies from one
location to another, and depends largely on the morphometry and the position of the location itself.
This paper investigates the relationship between the variations in the observed sea level at
Alexandria Western Harbour and Abu-Qir Bay, of different morphometry, along Alexandria coast,
and the wind pattern over the city. Simultaneous data sets of hourly sea level records at the two
locations and of hourly measured wind over Alexandria from 01.01.2005 to 31.12.2006 are used.
The WORLD TIDES package is used for a full sea level analysis. The wind pattern is described,
and both wind rose and frequencies are also produced. Results reveal that tides in Abu Qir Bay
can be classiﬁed as steric meteorological tides; greatly affected by the wind pattern than the astro-
nomical impact. This is mainly attributed to the morphometry and open location of the Bay. In
Alexandria Western Harbour, on the other hand, tides can be classiﬁed as astronomical tides mainly
affected by the sheltered location and the constructions of the Harbour, which diminish the effect of
the wind and, meanwhile, increase the impact of the celestial bodies on the recorded sea level.
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02Introduction
The observed sea level variation at any part of the world
depends on many factors; among which are storm surges,
astronomical harmonic components, the seasonal cycle,
inter-annual to secular variability and, ﬁnally, variations at
geological and interglacial scales (Pugh, 1987; Davidson
et al., 2012; Jorda et al., 2012). The amplitudes and phases
of the astronomical harmonic constituents are heavily
inﬂuenced by the local geography (Bryden et al., 2007).ational Institute of Oceanography and Fisheries.
134 T.M. El-GeziryThe sea level variations in front of Alexandria, Egypt, and
within the Mediterranean Basin have been the core of many
researches, e.g. Eid, 1990; Mosetti and Purga, 1990; Tsimplis
et al., 2005; Gomis et al., 2008; Tayel, 2008, Ullmann and
Moron, 2008; Hussein et al., 2010; Saad et al., 2011; Jorda
et al., 2012; El-Geziry and Radwan, 2012 and Radwan and
El-Geziry, 2013.
At Alexandria, as in the whole Mediterranean Sea, the
observed sea level is the combination of two elevations:
astronomical tides and residuals. While the former is of minor
importance; being ±20 cm, the latter may reach 1.0 m
elevation under the effect of the meteorological factors such
as air temperature, wind regime, atmospheric pressure and
steric effect (Eid, 1990; Saad et al., 2011). The effect of winds
on the observed sea level varies from one location to another,
and depends largely on the morphometry and position of the
location itself. Generally speaking, wind will raise sea level in
the direction towards which it is blowing, i.e. a wind blowing
straight onshore will pile up the water shoreward, while winds
blowing off the land will have the reverse effect.
The present paper aims to investigate the relationship
between the variations in the observed sea level at two loca-
tions, of different morphometry, along Alexandria coast and
the wind pattern over the City.
Data and methods of analysis
The present work is based on two simultaneous data sets of
hourly sea level records at two different locations (Fig. 1)
along Alexandria coast; namely: Alexandria Western Harbour
(31 110N, 29 520E) and Abu-Qir Bay (31 190N, 30 040E).
The data sets cover two years from 01.01.2005 to 31.12.2006.Figure 1 (a) Alexandria coast and Locations of the twThe two locations differ in the positions of the tide gauges,
and accordingly in the recorded sea level and in response to
the wind effect. While the former is a sheltered location
surrounded by the Harbour constructions, the latter is an open
location facing the Mediterranean Sea at the most western
extremity of Abu-Qir Bay.
The two sea-level data sets are drawn in order to compare
between the sea elevations at the two sites and to investigate
the pattern of differences.
In the present paper, for the recorded sea level at the
two tide-gauge locations, both the astronomical tidal con-
stituents and the residual elevations are produced. A com-
parison between the produced values is also drawn and
discussed.
The tidal components (astronomical tide and residual eleva-
tions) are produced using the WORLD TIDES Package under
Matlab environment (Boon, 2004). This is a desktop computer
programme for the analysis and prediction of water levels. The
package permits quick separation of a time series of water level
measurements into its tidal and non-tidal components using a
selective least squares harmonic reduction employing up to 35
tidal constituents. WORLD TIDES is principally based on the
concept of the ability of expressing the tidal amplitudes at any
location as the sum of all the harmonic components, as in the
following equation:
gðtÞ ¼ Zo þ
X
n
fnAn cos
2p
Tn
tþ un þ kn
 
ð1Þ
where,
g(t) is the vertical displacement of the sea surface as a
function of time (m).
Zo is the Mean Sea Level (MSL).o tide-gauges (b) Western Harbour (c) Abu Qir Bay.
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th constituent.
An is the amplitude of a harmonic component (m).
Tn is the period of a harmonic component (s).
un is the nodal phase of harmonic component.
kn is the phase of the n
th constituent for the time origin in use.
The method used by WORLD TIDES to analyse a water
level time series is commonly known as Harmonic Analysis,
Method of Least Squares (HAMELS). This is a simple but
powerful means of obtaining tidal constituent amplitude (An)
and phase (kn), the so-called tidal harmonic constants needed
for tidal predictions using Eq. (1).
In the present work, the ﬁve main tidal components
namely: O1, K1, N2, M2 and S2 are produced.
Using the output from this harmonic tidal analysis, the type
of the tidal cycle off Alexandria is determined using the follow-
ing constituent factor (Pugh, 2004):
F ¼ ðHO1 þHK1Þ=ðHM2 þHS2Þ ð2Þ
where,Figure 2 Net sea level variation at the two
Figure 3 Difference in the net recorded seF is the constituent factor;
HO1 is the tidal height of the principal lunar diurnal constit-
uent (m);
HK1 is the tidal height of the luni-solar diurnal constituent
(m);
HM2 is the tidal height of the principal lunar semidiurnal
constituent (m); and;
HS2 is the tidal height of the principal solar semidiurnal
constituent (m).
According to the value of the factor F the type of a tidal
cycle may be deﬁned as follows: if F ranges between 0 and
0.25 then a semidiurnal cycle results; if F ranges between
0.25 and 1.25 then a mixed mainly semidiurnal tide occurs; if
F ranges from 1.25 to 3 then a mixed mainly diurnal tide
occurs and ﬁnally a diurnal tide results for F values greater
than 3 (Pugh, 2004).
Lastly, using hourly data set (www.ncdc.noaa.gov/cdo-
web) of wind blowing over Alexandria during the investigated
period of sea level records (2005–2006), the relationshiplocations (Blue: AQ Bay; Pink: AWH).
a level at the two sites of investigation.
136 T.M. El-Gezirybetween the recorded sea level data and the wind ﬁeld
measurements is investigated.
Results
Sea level variations at the two investigated sites
Recorded sea level
While the recorded sea level data at Abu Qir Bay cover the
whole investigated period (730 days), those at Alexandria
Western Harbour cover only 699 days with the data for the
month of December 2006 missed. However, statistically
speaking, this missed month does not affect the data quality
to proceed for the proposed investigation.
During the investigated period, the recorded sea level at
Abu Qir Bay ranged from 0.20 to 0.89 m, with a Mean Sea
Level (MSL) of 0.52 m. At Alexandria Western Harbour, onFigure 4 Astronomical tides at Abu
Figure 5 Astronomical tides at Alexandria Wthe other hand, the sea level records ranged between 0.21
and 0.92 m, with MSL of 0.51 m. To get rid of different
dataum in order to compare between the net sea level
variations at the two sites, the mean sea level has been ﬁrstly
eliminated. All over the period of investigation, the recorded
sea level at Alexandria Western Harbour notably exceeded
that at Abu Qir Bay during two periods (Fig. 2). These are
from 30.09.05 to 21.01.06 and 30.05.06–09.07.06. The maxi-
mum differences between the net sea level at the two locations
were 0.44 m and +0.43 m (Fig. 3). Negative and positive
values refer to the Harbour sea level exceeding that of the
Bay and vice versa, respectively.
Astronomical tidal elevations
The results of the present HAMELS analysis show that during
the period of investigation the astronomical tidal elevations at
Abu Qir Bay varied between 0.50 and 0.53 m (Fig. 4), and atQir Bay during the study period.
estern Harbour during the study period.
Table 1 Astronomical Amplitudes and Phases at the two sites
of investigation.
Abu QirBay Alexandria Western Harbour
Amplitude (m) Phases (deg.) Amplitude (m) Phases (deg.)
O1 0.003 179.76 0.009 27.95
Kl 0.004 348.04 0.010 115.78
N2 0.001 167.77 0.005 133.66
M2 0.008 247.94 0.025 231.75
S2 0.005 332.59 0.013 300.40
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(Fig. 5). Table 1 shows both the amplitudes and the phases
of the ﬁve produced astronomical tidal constituents in the
present study.
Using the software outputs (Table 1) and Eq. (1), the F
factor for Abu Qir Bay is calculated to be 0.53 and for
Alexandria Western Harbour is 0.5. The type of tides at the
two investigated locations has been, therefore, determined to
be mixed mainly semidiurnal tides. Figs. 4 and 5 reﬂect thisFigure 6 Residual elevations at Abu Qir Bay during the study period.
Figure 7 Residual elevations at Alexandria Western Harbour during the study period.
Figure 8 Wind rose over Alexandria during the study period.
Figure 9 Wind speed frequency distribution during the study
period.
138 T.M. El-Gezirysemidiurnal behaviour with the well-shown 48 peaks over the
period of investigation. The two ﬁgures also reﬂect, even with
the observed variations in magnitudes, the common general
trend of astronomical variations at the two sites, i.e. spring
and neap periods.
Residual tidal elevations
Residual tidal elevations are deﬁned as the meteorologically in-
duced components of the observed sea level, i.e. surge level
(Hicks et al., 2000). This expresses the observed sea level afterTable 2 Frequency distribution of wind over Alexandria during th
Directions/wind classes (m/s) 0.5–2.1 2.1–3.6 3.6
348.75–11.25 (N) 0.0101 0.0347 0.0
11.25–33.75 (NNE) 0.0068 0.0121 0.0
33.75–56.25 (NE) 0.0076 0.0158 0.0
56.25–78.75 (ENE) 0.0089 0.0125 0.0
78.75–101.25 (E) 0.0124 0.0177 0.0
101.25–123.75 (ESE) 0.0117 0.0087 0.0
123.75–146.25 (SE) 0.0083 0.0052 0.0
146.25–168.75 (SSE) 0.0109 0.0071 0.0
168.75–191.25 (S) 0.0181 0.0160 0.0
191.25–213.75 (SW) 0.0073 0.0078 0.0
213.75–236.25 (SW) 0.0043 0.0042 0.0
236.25–258.75 (WSW) 0.0022 0.0035 0.0
258.75–281.25 (W) 0.0026 0.0059 0.0
281.25–303.75 (WNW) 0.0040 0.0P6 0.0
303.75–326.25 (NW) 0.0038 0.0223 0.0
326.25–348.75 (NNW) 0.0045 0.0334 0.0
Sub-total 0.1176 0.2139 0.3
Calms
Missing/incomplete
Totalomitting the effect of the astronomical tides from the record
data sets. At Abu Qir Bay, the residual tidal elevations varied
between 0.31 and 0.37 m (Fig. 6), and at Alexandria Western
Harbour, ranged from 0.32 to 0.38 m (Fig. 7).
Wind Pattern
The given hourly wind speed and direction over Alexandria
during the period of investigation (01.01.2005–31.12.2006)
and the wind speed frequency distribution are graphically pre-
sented in Figs. 8 and 9, respectively. The average wind speed
was 4.17 m/s and 49% of the blowing wind was North–North-
west (NNW). The frequency of calm winds, i.e. from 0 to less
than 0.5 m/s speed, is 2.0% (Table 2). The linear correlation
factor (r) between the observed sea level (total, astronomical
tides and residual elevations) and both measured wind speed
for the two investigated sites is calculated and presented in
Table 3. Table 4 shows the maxima and minima of recorded
sea level elevations with the corresponding wind data. These
are simultaneous records for both sea level and wind. The
Percent Reduction in Variance (%R_Var) is the percentage
of the total variance in water level explained by the astronom-
ical tide (Boon, 2004). This factor has been calculated to be
0.65% for Abu Qir Bay and 2.82% for Alexandria Western
Harbour.
Discussion
The calculated astronomical amplitudes (Table 1) reveal that
the astronomical tides within Alexandria Western Harbour
are greater than those in Abu Qir Bay. The type of tides has
been proven as mixed mainly semidiurnal tides. This agrees
with the well-known information on tides off Alexandria,
and previously calculated in (Tayel, 2008; El-Geziry and
Radwan, 2012). The dominant wind during the period of
investigation was the NNW wind (49% of occurrences) and
the average wind speed was 4.17 m/s.e study period.
–5.7 5.7–8.8 8.8–11.1 P11.1 Total
700 0.0343 0.0008 0.0000 0.1429
135 0.0043 0.0000 0.0000 0.0349
117 0.0037 0.0001 0.0000 0.0371
059 0.0014 0.0000 0.0000 0.0275
088 0.0014 0.0000 0.0000 0.0385
032 0.0010 0.0001 0.0000 0.0235
029 0.0010 0.0000 0.0000 0.0164
031 0.0006 0.0000 0.0000 0.0207
053 0.0022 0.0001 0.0000 0.0397
054 0.0026 0.0001 0.0000 0.0222
052 0.0055 0.0010 0.0002 0.0193
050 0.0055 0.0011 0.0010 0.0176
153 0.0170 0.0034 0.0011 0.0432
337 0.0285 0.0012 0.0003 0.0813
752 0.0772 0.0017 0.0001 0.1719
938 0.0731 0.0019 0.0002 0.1972
412 0.2471 0.0110 0.0028 0.9336
0.0193
0.0472
1.0000
Table 3 The linear correlation coefﬁcients.
Abu
Qir Bay
Alexandria
Western Harbour
r r
Sea level to wind speed 0.19 0.12
Sea level to wind direction 0.14 0.07
Astronomical tides to wind speed 0.01 0.002
Astronomical tides to wind direction 0.01 0.01
Residual tides to wind speed 0.19 0.12
Residual tides to wind direction 0.14 0.07
Table 4 Maxima and Minima Elevations in relation to wind
ﬁeld data.
Date Time Elevations
(m)
Wind
direction
Wind
speed
(m/s)
Abu Qir Bay 18.12.2006 13:00 0.20 SSE 0.89
04.11.2006 05:00 0.89 SSW 1.34
Alexandria 20.02.2005 10:00 0.21 N 2.68
Western harbour 20.12.2006 13:00 0.92 NNW 6.7
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reﬂect a very weak tie with the wind speed, which can be even
ignored from consideration. This is in contrast to the correla-
tion shown for both recorded sea level and residual elevations.
While the recorded sea level and residual elevations at Abu Qir
Bay are more affected by winds blowing from the south, either
SSE or SSW, than from any other direction, elevations in
Alexandria Western Harbour are inﬂuenced by the northern
wind (N, NW and NNW), as shown in Table 3. It can be
deduced that even with gentle winds, variations in the sea level
in Abu Qir Bay can be noticed, while wind speed exceeding
2 m/s is needed to observe the effect of winds on the recorded
sea level in Alexandria Western Harbour. This is highly attrib-
uted to the morphometry of the two locations and positions of
the deployed gauges. Moreover, the %R_Var for Abu Qir Bay
(0.65%) and for Alexandria Western Harbour (2.82%) reveal
that the variations in the observed sea level at Abu Qir Bay
are more related to the wind effects than to astronomical
impact.Conclusion
In conclusion, tides in Abu Qir Bay can be classiﬁed as steric
meteorological tides, which are greatly affected by the wind
pattern than by the astronomical impact. This can be mainly
attributed to the morphometry and open natural conﬁguration
of the Bay. In Alexandria Western Harbour, on the other
hand, tides can be classiﬁed as astronomical tides mainly
affected by the sheltered location and the constructions of
the Harbour, which diminish the effect of the wind and,meanwhile, increase the impact of the celestial bodies on the
recorded sea level. Maximum and minimum sea level records
in the two investigated locations are related to the wind speed
in two different ways. While the effect of winds on the
observed sea level within the Harbour is generally related to
wind with speed greater than 2 m/s, gentle winds with low
speed are sufﬁcient to observe variations in the recorded sea
level in Abu Qir Bay. This is, again, strongly attributed to
the different morphometry and conﬁguration of the two
investigated locations.
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